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Means to study parton propagation and fragmentation
PARTON PROPAGATION AND FRAGMENTATION IN QCD MATTER 7

Fig. 2. – Quark propagation inside a target nucleus (“cold QCDmatter”) in lepton-nucleus (left) and hadron-

nucleus → Drell-Yan (centre) collisions. Right: Hard scattered parton traveling through the “hot QCD

matter” produced in a nucleus-nucleus collision.

transverse momentum hadron production in A+A compared to proton-proton (p+ p) and hadron-

nucleus h + A collisions at RHIC [25-28] (see Sect. 5), is also indicative of a breakdown of the

universality of the fragmentation process. The standard explanation is that the observed sup-

pression is due to parton energy loss in the strongly interacting matter. This assumes of course

that the quenched light-quarks and gluons are long-lived enough to traverse the medium before

hadronising, which can be expected at large enough pT because of the Lorentz boost of the hadro-

nisation time scales. However, dynamical effects may alter this argument (see, e.g., Ref. [29]),

with hadronisation starting at the nuclear radius scale or before. In this case, in-medium hadron

interactions should also be accounted for, possibly leading to a different suppression pattern.

Such mechanisms may be especially important in the case of heavy (charm, bottom) quarks

which – being slower than light-quarks or gluons – can fragment into D or B mesons still inside

the plasma [30].

In summary, a precise knowledge of parton propagation and hadronisation mechanisms can

be obtained from nDIS and DY data, allowing one to test the hadronisation mechanism and

colour confinement dynamics. In addition, such cold QCD matter data are essential for testing

and calibrating our theoretical tools, and to determine the (thermo)dynamical properties of the

QGP produced in high-energy nuclear interactions.

1
.
3. Hadronisation and colour confinement. –

While not having a direct bearing on the traditional topics of confinement such as the hadron

spectrum, the hadronisation process nonetheless contains elements that are central to the heart

of colour confinement, as already emphasised 30 years ago by Bjorken [6]. For instance, in the

DIS process, a quark is briefly liberated from being associated with any specific hadron while

traveling as a “free” particle, and it is the mechanisms involved in hadron formation that en-

forces the colour charge neutrality and confinement into the final state hadron. The dynamic

mechanism leading to colour neutralisation, which is only implicitly assumed in the traditional

treatments of confinement based on potential models [31] or lattice QCD [32], can be studied

quantitatively using the theoretical and experimental techniques discussed in this review. As an

example, the lifetime of the freely propagating quark may be inferred experimentally from the

nuclear modification of hadron production on cold nuclei, which act as “detectors” of the hadro-
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SIDIS

Q2 = -q2 four-momentum transferred by the electron;
ν = E-E‘  (lab) energy transferred by the electron;
z = Eh/ν  fraction of initial quark energy carried by hadron; 
pT          hadron momentum transverse to γ* direction;
φ           angle between leptonic and hadronic planes
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Fig. 4. – Kinematic planes for hadron production in semi-inclusive deep-inelastic scattering and definitions

of the relevant lepton and hadron variables. The quantities k (k′) and E (E′) are the 4-momentum and the

energy of the incident (scattered) lepton; ph is the 4-momentum of the produced hadron, and its transverse

component relative to the lepton plane is denoted by !pT .

the polar angle θ∗ between the particle trajectory and the beam axis in the centre-of-mass frame
is easier. This justifies the definition of the particle pseudorapidity,

η = − log tan(θ∗/2) ,(8)

such that |!p| = pT cosh η and p3 = pT sinh η. For massless particles it coincides with the rapidity:
η = y; for massive particles, they are approximately equal if |!p| $ m (and θ not too small).
Differential particle distributions in y and η are related by

dN

dydp2
T

=
dN

dηdp2
T

√

1 −
m2

m2
T
cosh2 y

=
dN

dηdp2
T

E

mT

.(9)

In order to compare collider and fixed-target experiments, and different beam energies, it is useful

to consider the rapidity in the c.m.f.:

yc.m. f . = y − ycm .(10)

The backward rapidity region (target hemisphere) corresponds to yc.m. f . < 0, and the forward
rapidity region (projectile hemisphere) to yc.m. f . > 0.
At LO, the 4-momenta of the two produced partons can be expressed in terms of their final

state rapidities yi and transverse momentum pT (see Table II for definitions)

f1 =

(

pT√
2
ey1 ,

pT√
2
e−y1 ,−!pT

)

f2 =

(

pT√
2
ey2 ,

pT√
2
e−y2 , !pT

)

,(11)

and their fractional momenta are

x1 =
pT√
s
(ey1 + ey2) x2 =

pT√
s

(

e−y1 + e−y2
)

.(12)
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■ CLAS/DIS kinematics:  Q2>1 GeV2,  W >2 GeV ; 0.1<x<0.55, y<0.85 
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Observables(1)

Page 4

that measures the ratio of the energy transfered to the hadronic system to the total leptonic

energy available in the target rest frame. Invariant mass of the recoiled hadronic system is

related to ν and Q2 as:

W = (p + q)2 = M 2 + 2M ν −Q2 (5)

If in addition to the scattered lepton one of the produced hadrons is identified such process

is called semi-inclusive (SIDIS). The hadron which carriesfour-momentum P ′ = (Eh, p′)

is described by the fraction of the initial struck quark energy it carried away z = ν
Eh

, its

momentum transfer relative to the virtual photon direction pT , and well as the angle φ

between lepton scattering plane and the virtual photon-hadron plane.

1.3 Experimental observables

In lepton-nucleus DIS the experimental observables are presented in terms of the hadronic

multiplicity ratio Rh
A and transverse momentum broadening ∆p2

T . When considering hadroniza-

tion in the nuclear medium, the rate of gluon emission due to multiple parton scattering is

expected to be greater than that which occurs in vacuum. This causes an increase of the

width of the transverse momentum distribution of the final state hadron. The transverse

momentum broadening for the observed final state hadron with respect to the direction of

the virtual photon direction is defined as [5]:

∆p2
T =< p2

T >A − < p2
T >D (6)

where < p2
T >A is an average hadron momentum squared produced on a nuclear target A:

< p2
T >A=

∑

pT ,z ,ν,Q2

p2
T · Nh

(
pT , z , ν,Q2

)

∑

pT ,z ,ν,Q2

Nh

(
pT , z , ν,Q2

)

∣∣∣∣∣∣∣∣∣
A

(7)

and < p2
T >D is the same quantity for Deuterium target. Since the hadron < p2

T > is mainly

accumulated by elastic scattering due to quark propagation and gluon emission, it is supposed

to be a sensitive probe to the quark lifetime, i.e. production time, as well as medium-

stimulated energy losses. Hadron multiplicity ratio or attenuation ratio represents the ratio

Transverse momentum broadening

 

■ in-medium partonic multiple scattering
■ medium stimulated gluon emission
■ quark energy loss
■ average transport coefficient
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Observables(2)

Hadronic multiplicity ratio

     

Page 5

of the number of hadrons of type h produced per DIS event on a nuclear target of mass A

to that from a deuterium target:

Rh
A

(
ν,Q2 , z , pT , φ

)
=

Nh (ν,Q2 ,z ,pT ,φ)
Ne(ν,Q2 )|DIS

∣∣∣
A

Nh (ν,Q2 ,z ,pT ,φ)
Ne(ν,Q2 )|DIS

∣∣∣
D

(8)

where Nh is the yield of semi-inclusive hadrons in (ν,Q2 , z , pT , φ) bin and Ne is the number

of inclusive DIS events in the (ν,Q2 ) bin. The ν and z dependence of the multiplicity ratio

Rh
A can be used to estimate hadron formation time scale.

1.4 Previous experimental measurements

Electroproduction of the hadron from various nuclei was studied first in the earlier 70’s in

SLAC [6]. The ratio of single inclusive hadrons per g per cm2 per incident electron as a

function of z , pT , and A was measured. The attenuation Rh
A of forward hadrons (at high

z ) was observed for the first time in semi-inclusive cross section ratio. The experimental

results have shown evidence of hadron attenuation increasing with the atomic number A.

It was observed that the nuclear absorption of the detected hadrons decreases at higher z ,

that they are carrying. One of the first measurements with muon beam was conducted in

FNAL and further studied by EMC Collaboration with ultra-high energy muons [7]. Nuclear

targets (12C, 63Cu, 119Sn) and D were measured for the first time simultaneously which

cancelled most of the systematic uncertainties in the multiplicity ratio. Rh
A was measured

for the range of 20 < ν < 220 GeV in two Q2 bins, and as a function of pT in two ν

bins. The ratio rises above unity at high pT , which is consistent with earlier reported

Cronin effect [8] in hadron-nucleus collisions. In conclusion to the earlier measurements,

the results from SLAC (electron beams) and CERN (muons) experiments have shown that

multiplicity ratio mainly depends on the variables ν and z . This has been confirmed by the

Fermilab E665 experiment. The performed measurements have also shown that the optimal

transfer energy ν for studying nuclear effects on the multiplicity ratio ranges from a few

GeV to few tens of GeV [5]. The latest generation of experiments conducted in HERMES

at DESY and CLAS in Jefferson Lab rose a new wave of interest to the extensive studies of

■ hadron formation times and mechanisms
■ in-medium cross sections
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CEBAF Large Acceptance Spectrometer

■ Electron Beam 5.014 GeV
■ Luminosity (1.3-2)1034 1/s●cm2

■ Targets 2H,12C,56Fe,207Pb

electron beam D C/Fe/Pb

Two targets in the beam simultaneously

Charged particle angles 8° - 144°

Neutral particle angles 8° - 70°

Momentum resolution ~0.5% (charged)

Angular resolution ~0.5 mr (charged)

Identification of p, !+/!-, K+/K-, e-/e+

Experiment

CLAS EG2

■ Charged particles angles 8°-144°
■ Neutral particles angles 8°-70°
■ Identification of e+/e-,γ, p,n, π+/π- ,K+/K-

6



Hadron Attenuation
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JLab/CLAS data for C, Fe, Pb 
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Hadron Attenuation | π+

Analysis by H.Hakobyan

■ Quantitative behavior compatible with Hermes
■ Attenuation depends on nuclear size
■ Increase of hadrons at low z,  attenuation at high z
■ Bears resemblance to Cronin effect at high pT2

Example of  3D multivariable slices of 
preliminary CLAS data  on  π+
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Hadron Attenuation | π0

Analysis by T.Mineeva

1D preliminary CLAS data  on  π0 

2D and 3D π0 analysis are on the way
access to eta meson multiplicities

CLAS

 PRE
LIMI

NARY

■ Results are not corrected for acceptance 
   and radiative effects
■  Include statistical errors only

CLAS

 PRE
LIMI

NARY
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Hadron Attenuation | π-

Analysis by R.Dupre

Example of 2D preliminary
 CLAS data  on  π- 

■ Results are not corrected for acceptance 
   and radiative effects
■  Include statistical errors only
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Hadron Attenuation | K0s

hadron [9, 15]. By varying the nuclear radius, measurements of the broad-
ening as a function of the kinematic variables allow one to infer the length
scale (known as the production length) over which the quark is de-confined.

The K0
s were found from fits to the invariant mass plot of a π+ and a

π−, M(π+, π−), detected in CLAS. For a given bin in z and integrating over
all electron kinematics, a clear peak in M(π+, π−) is seen at the mass of the
K0

s as shown in the top plots of Fig. 2 for both the liquid deuterium (left)
and solid Pb (right) targets. Because the CLAS detector is large (about 5 m
radius) and the distance between the targets is small (a few cm), the detector
acceptance corrections cancel to first order in the ratio of K0

s counts from
these targets. Similarly, plots showing the K0

s peaks for a bin p2
T are shown

in the bottom plots of Fig. 2. Although there is substantial background from
uncorrelated π+π− pairs in Fig. 2, the background is smooth and is easily fit
by a polynomial background. The K0

s peak was fit using an unconstrained
gaussian peak shape. The statistical uncertainties are determined directly
from the fit parameters.
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Figure 3: CLAS data for the hadronic multiplicity ratio for K0
s as a function of z summed

over the kinematics of the EG2 experiment. Left: data with different symbols for the
targets used here. The inner error bars represent the statistical uncertainty, while the
outer ones show the total uncertainty. Right: theoretical curves for K0 from Ref. [7]. The
Pb data are replotted for comparison. [Note: updated calculations for K0

s are expected
from the theorists before publication]

Results of the multiplicity ratio as a function of z and of p2
T for K0

s

5

Other models assume a decreased “formation length” for the struck quark to
pick up a partner antiquark, followed by rescattering and absorption of the
resulting hadron.

While the existing data are not sufficient to distinguish between the var-
ious models, it is interesting that the results for K0

s at CLAS kinematics
(lower ν than HERMES) show values of Rh

A for z > 0.5 for the Pb target
below those seen by HERMES [5, 6] for the charged kaons for their Xe tar-
get. One must be careful when comparing these two data sets because of the
kinematic differences; however, the CLAS kinematics provide an additional
point of constraint for theoretical models of hadronization. Note that neu-
tral kaons have a smaller reaction cross section than for pions, and hence
rescattering effects are minimized for K0 hadronization.
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Figure 4: CLAS data for the hadronic multiplicity ratio for K0
s as a function of p2

T
for

0.3 < z < 0.8. Error bars as in Fig. 3

Fig. 4 shows the multiplicity ratios as a function of the transverse mo-
mentum squared. At high p2

T , there are very few K0
s events, leading to large

statistical uncertainties. However, at small p2
T the statistics are reasonable

and there is a clear target-dependence to the nuclear attenuation for p2
T < 0.1.

Again, the CLAS data show a similar trend to that seen by HERMES where
Rh

A for lighter targets level off at low p2
T and heavier targets have smaller

values of Rh
A at low p2

T .

7

Analysis by  A.Daniel

■ Results are corrected for acceptance 
■  Include estimation  of radiative effects 
    in systematic uncertainties
■  Errors are statistical and systematical

 0.3 < z < 0.8

1D preliminary  CLAS data  on  K0 

CLAS
 PRELIMINARY

CLAS
 PRELIMINARY
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pT Broadening
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pT Broadening | π+
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W.Brooks, H.Hakobyan arxiv.0907.4606

Drell-Yan and DIS comparison

Mass number (JLab/HERMES data shifted for better view)
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W.Brooks, H.Hakobyan arxiv.0907.4606

Drell-Yan and DIS comparison
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Figure 1: Quark propagation inside a target nucleus (“cold QCD matter”) in lepton-nucleus (left) and the Drell-Yan

process (center) in hadron-nucleus collisions. Right: Hard scattered parton traveling through the “hot QCD matter”

produced in a nucleus-nucleus collision. Taken from Ref. [1].

hadron annihilates with an antiquark from the nucleus, forming a photon which subsequently

materializes as a dilepton pair. This pair carries information about the incident quark’s passage

through the nuclear medium. The diagram on the right illustrates a heavy-ion collision in which

a scattered parton from the collision propagates over a distance within the hot dense medium,

then evolves into a prehadron and a hadron at later times. At a superficial level, all three pictures

contain a propagating quark within a strongly interacting medium, and two contain the process

of a hadron forming, thus, there may be strong connections between the three that could be

explored. In more detail, there are some differences: initial state and final state interactions

enter differently, and several characteristics of the hot and cold media are different. Nonetheless,

the fundamental process by which the quark interacts with the medium is gluon exchange in

all cases, the formation of the hadron must proceed through a color singlet state that ultimately

fulfills the requirements of confinement, and each step has its own characteristic time scale. The

next steps in understanding these processes in cold matter include determination of characteristic

time scales for the quasi-free quark lifetime and for the hadron formation, as well as parameters

such as the transport coefficient q̂ that characterize the quark’s interaction with the medium.

These goals require a deeper understanding of the mechanisms of hadron formation, including

the roles of coherence and quantum interference.

2. Transverse Momentum Broadening

An observable that is common to the DIS and D-Y processes is transverse momentum broad-

ening. It is defined as the increase in the square of the momentum component transverse to the

nominal initial direction of the quark after it has passed through a strongly interacting medium.

This observable is expected to be a good measure of partonic multiple scattering and potentially

its associated medium-stimulated gluon bremsstrahlung. This can be discussed in terms of the

quark transverse momentum change ∆k2
T
or as that of the observed final state hadron, such as a

pion, ∆p2
T
. To a very good approximation these are related by

∆p2T = z
2
h∆k

2
T (1)
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Figure 1: Quark propagation inside a target nucleus (“cold QCD matter”) in lepton-nucleus (left) and the Drell-Yan

process (center) in hadron-nucleus collisions. Right: Hard scattered parton traveling through the “hot QCD matter”

produced in a nucleus-nucleus collision. Taken from Ref. [1].

hadron annihilates with an antiquark from the nucleus, forming a photon which subsequently

materializes as a dilepton pair. This pair carries information about the incident quark’s passage

through the nuclear medium. The diagram on the right illustrates a heavy-ion collision in which

a scattered parton from the collision propagates over a distance within the hot dense medium,

then evolves into a prehadron and a hadron at later times. At a superficial level, all three pictures

contain a propagating quark within a strongly interacting medium, and two contain the process

of a hadron forming, thus, there may be strong connections between the three that could be

explored. In more detail, there are some differences: initial state and final state interactions

enter differently, and several characteristics of the hot and cold media are different. Nonetheless,

the fundamental process by which the quark interacts with the medium is gluon exchange in

all cases, the formation of the hadron must proceed through a color singlet state that ultimately

fulfills the requirements of confinement, and each step has its own characteristic time scale. The

next steps in understanding these processes in cold matter include determination of characteristic

time scales for the quasi-free quark lifetime and for the hadron formation, as well as parameters

such as the transport coefficient q̂ that characterize the quark’s interaction with the medium.

These goals require a deeper understanding of the mechanisms of hadron formation, including

the roles of coherence and quantum interference.

2. Transverse Momentum Broadening

An observable that is common to the DIS and D-Y processes is transverse momentum broad-

ening. It is defined as the increase in the square of the momentum component transverse to the

nominal initial direction of the quark after it has passed through a strongly interacting medium.

This observable is expected to be a good measure of partonic multiple scattering and potentially

its associated medium-stimulated gluon bremsstrahlung. This can be discussed in terms of the

quark transverse momentum change ∆k2
T
or as that of the observed final state hadron, such as a

pion, ∆p2
T
. To a very good approximation these are related by

∆p2T = z
2
h∆k

2
T (1)
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Fig. 21. – Mass number dependence of hadron pT -broadening in nuclear DIS. Left: HERMES data for π±

and K+ production with Ne, Kr and Xe targets. The inner error bars represent the statistical uncertainties,

the total bars represent the statistical and systematic uncertainties. Right: CLAS preliminary data for π+ for
C, Fe and Pb targets threefold differential in Q2, ν, and zh as shown in the legend. The errors shown are

statistical only.

kaons were also measured in the π+π− channel, all over the full momentum range, but requiring
a background subtraction. This very large data set is currently under analysis, and preliminary

results are only available for positive pions and for neutral kaons at the present. The kinematical

range of the data was for ν = 2 − 4 GeV, Q2 = 1 − 4 GeV2; the full range of zh and p2
T
was

available for analysis. Analysis cuts include y = ν/νmax < 0.85, W2 > 4.0 GeV2, and target
vertex cuts. While the CLAS/JLab data have a much more limited range in ν, they offer two
orders of magnitude more integrated luminosity than the HERMES data. This feature provides

access to three-fold dimensional binning for at least positive pions, and should provide a first look

at hadron formation in some previously unmeasured hadrons, such as η, Λ, and K0. Because of

the limited range in W2 ≈ 4 − 10 GeV2, the initial analysis is being focused on the region
zh = 0.4−0.7. All the (preliminary) data shown hereafter have not been corrected for acceptance
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Fig. 22. – Preliminary xB-dependence of the A/D average 〈p2T 〉 ratio at HERMES (left) and CLAS (right).

For the HERMES data the inner error bars represent the statistical uncertainties, the total bars represent the

statistical and systematic uncertainties. For the CLAS data the errors shown are statistical only and the data

have not been corrected for acceptance or radiative effects.

H.Hakobyan

T.Mineeva R.Dupre

■ Results are not corrected for acceptance, radiation
■ Include statistical errors only 
■ π0  requires a further study of resolution effects
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Radiative Corrections

Distribution of the RC coefficients calculated for
3(Q2)x3(ν)x3(z)x60(pT)xφ(12) equidistant points

pT2 without radiative correction (red) and the 
same with radiative correction (black) 

 HAPRAD_CPP =  HAPRAD(2) + Modified structure fnc from fit(x, Q2, z, pT, φ) to CLAS data

H.Hakobyan 

HAPRAD_CPP code: https://github.com/usm-data-analysis/HAPRAD_cpp

Radiative Effects in the Processes of Hadron Electroproduction. I.Akushevich, N.Shumeiko, A.Soroko. Eur. Phys. J. C10, 681-687 (1999).

Lowest order QED radiative corrections to five-fold differential cross section of hadron leptoproduction. Phys. Lett. B 672 35-44 (2009).

π+ π+
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FUTURE

Near term data

■ CLAS@12GeV :  2< ν < 9 GeV; 2<Q2<9 GeV2 ; 10x more luminosity.   
    Approved experiment: http://www.jlab.org/exp_prog/proposals/06/PR12-06-117.pdf

■ EIC: 100 < Elab < 2000GeV; 10<ν<1600 GeV; 
          hadron formation outside nuclear medium.
   https://eic.jlab.org/wiki/index.php/EA_Parton_propagation_and_fragmentation          
             

Near decade data

■ LHC jet quenching; comparison of PbPb vs pp at √s = 2.76 TeV/nucleon

■ FNAL E906: 120 GeV Drell-Yan; partonic energy loss extraction 

16
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Conclusion

■ Preliminary results on multi variable extraction of multiplicities and transverse
   momentum broadening for π+ π0 π-

■ First world data on K0  multiplicities

■ Good consistency of CLAS data set with HERMES results

■ Need theoretical framework to extract partonic and hadronic scales 
   in nuclear medium 

■ CLAS12 gives access to flavor dependence and further multidimensional analysis

17
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Additional Slides
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14 40. Plots of cross sections and related quantities
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Figure 40.13: Total and elastic cross sections for π±p and π±d (total only) collisions as a function of laboratory beam momentum and total
center-of-mass energy. Corresponding computer-readable data files may be found at http://pdg.lbl.gov/current/xsect/. (Courtesy of the
COMPAS Group, IHEP, Protvino, August 2005)
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z-scaling of ΔpT2
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Figure 1: Quark propagation inside a target nucleus (“cold QCD matter”) in lepton-nucleus (left) and the Drell-Yan

process (center) in hadron-nucleus collisions. Right: Hard scattered parton traveling through the “hot QCD matter”

produced in a nucleus-nucleus collision. Taken from Ref. [1].

hadron annihilates with an antiquark from the nucleus, forming a photon which subsequently

materializes as a dilepton pair. This pair carries information about the incident quark’s passage

through the nuclear medium. The diagram on the right illustrates a heavy-ion collision in which

a scattered parton from the collision propagates over a distance within the hot dense medium,

then evolves into a prehadron and a hadron at later times. At a superficial level, all three pictures

contain a propagating quark within a strongly interacting medium, and two contain the process

of a hadron forming, thus, there may be strong connections between the three that could be

explored. In more detail, there are some differences: initial state and final state interactions

enter differently, and several characteristics of the hot and cold media are different. Nonetheless,

the fundamental process by which the quark interacts with the medium is gluon exchange in

all cases, the formation of the hadron must proceed through a color singlet state that ultimately

fulfills the requirements of confinement, and each step has its own characteristic time scale. The

next steps in understanding these processes in cold matter include determination of characteristic

time scales for the quasi-free quark lifetime and for the hadron formation, as well as parameters

such as the transport coefficient q̂ that characterize the quark’s interaction with the medium.

These goals require a deeper understanding of the mechanisms of hadron formation, including

the roles of coherence and quantum interference.

2. Transverse Momentum Broadening

An observable that is common to the DIS and D-Y processes is transverse momentum broad-

ening. It is defined as the increase in the square of the momentum component transverse to the

nominal initial direction of the quark after it has passed through a strongly interacting medium.

This observable is expected to be a good measure of partonic multiple scattering and potentially

its associated medium-stimulated gluon bremsstrahlung. This can be discussed in terms of the

quark transverse momentum change ∆k2
T
or as that of the observed final state hadron, such as a

pion, ∆p2
T
. To a very good approximation these are related by

∆p2T = z
2
h∆k

2
T (1)

2
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Hadron Attenuation | π+
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Hadron attenuation (1)

Cronin dependance on xB
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Fig. 56. – Colour dipole model [29] (dashed: absorption only, solid: absorption and induced energy loss)

compared to HERMES hadron multiplicity ratios on N and Kr targets [22]. Left: zh distribution. Right: pT
distributions.

computed as

∆E(t, zh,Q
2) =

∫ Q2

Λ2
QCD

dk2T

∫ 1

1−zh
dzαν

dNg

dk2
T
dz
Θ (t − tc) ,(75)

where dNg/dk2Tdz = αs(k
2
T
)/(3π) 1/(zk2

T
) is the Gunion-Bertsch spectrum of radiated gluons [69].

The upper limit is imposed by the fact that gluons with kT > Q should be considered part of the
struck quark [11]. Next, the gluon (with momentum kT ) splits into a qq̄ pair. In the large-Nc
approximation, the antiquark and the struck quark form a colourless dipole, which is identified

as a prehadron. The prehadron production time is identified with the coherence time of the

gluon (rather than with the qq̄ splitting time) and hadron formation is computed by the overlap

of the qq̄ dipole with the hadron light-cone wave function Ψh. Assuming that the q and the q̄

in the pair share the same amount of gluon energy and transverse momentum, one can compute

the probability distribution W(t, zh,Q2, ν) that the prehadron is formed at a time t after the γ∗q
interaction:

W(t, zh,Q
2, ν) =N

∫ 1

0

dα

α

∫ Q2

Λ2
QCD

dk2
T

k2
T

δ

[

zh −
(

1 −
α

2

) Eq(t)

ν

]

exp(−t/tc)
tc

×

∣

∣

∣

∣

∣

∣

Ψh

(

α

2 − α
,
3

4
kT

)
∣

∣

∣

∣

∣

∣

2

exp
(

−Ñg(zh, t,Q2, ν)
)

,

(76)

where, Eq(t) = ν−∆E(t), Ψh is the hadron light-cone hadron wave function, Ñg is the number of
gluons radiated within a time t, and N is a normalisation factor. Numerical results are presented

in Fig. 11. IntegratingW over t one obtains the vacuum fragmentation function for the leading

hadron which compares favourably with global fit FF from Refs. [324, 325] in the range zh =

0.5 − 0.9 and Q2 = 2 − 10 GeV2.
The qq̄ dipole, which is assumed to be formed with a Gaussian transverse size around an

average 〈R2
l
〉 ∝ 1/Q2, propagates through the nucleus and fluctuates in size. According to colour

transparency, see Sect. 7
.
5, it interacts with the nucleus with a cross section σq̄q = C(Eh)r

2.

All effects of fluctuations and nuclear interactions are computed in a path-integral formalism for

π+
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